Introduction
============

Tumor microenvironment is being increasingly recognized as a key factor in cancer aggressiveness.^[@bib1]^ However, the mechanism of how tumor microenvironment governs tumor vessel formation is still controversial. One widely accepted concept for neo-vessel growth in malignancy is that the tumor microenvironment-induced new vessels sprout from the existing vasculature.^[@bib2]^ Nonetheless, compared with their normal counterparts, tumor vessels are aberrant in almost all aspects of their structure and function. The tumor vessels are heterogeneous and tortuous, branch chaotically and have uneven vessel lumens.^[@bib3]^ Also, a lot of evidence indicated that there were many differences at the molecular and functional levels between tumor endothelial cells (TECs) and normal endothelial cells (NECs).^[@bib4],\ [@bib5]^ Take into account these studies, we wondered whether the tumor microenvironment promoted angiogenesis by coercing NECs change toward TECs, and resulted in the heterogeneity of TECs.

Colorectal carcinoma is the third most common cancer in the world, and current therapeutics have only modest efficacy as the high metastasis and recurrence rate.^[@bib6]^ Recent study demonstrated that p-STAT3 overexpression was detected in patients with colorectal carcinoma, and was associated with the metastasis and poor prognosis in colorectal carcinoma patients.^[@bib7]^ In addition, The JAK/STAT3 (Janus kinase/signal transducer and activator of transcription 3) pathway is an important oncogenic signaling cascade that regulates many important biological functions, including cell proliferation, differentiation, immune response and angiogenesis.^[@bib8],\ [@bib9]^ However, whether the JAK/STAT3 signaling pathway was activated during the formation of TECs in colorectal carcinoma has not been researched.

Curcumin is a natural polyphenol from turmeric, and (−)-epigallocatechin-3-gallate (EGCG) is the most abundant and active component of green tea.^[@bib10],\ [@bib11]^ Previous researches have indicated that both curcumin and EGCG had chemopreventive effect on inhibiting the initiation and development of cancer.^[@bib12]^ Accumulating research indicated that EGCG exerted anti-cancer property by suppressing the STAT3 signaling pathway.^[@bib13]^ Curcumin was supposed to be a potent inhibitor of STAT3, which is a transcription factor, which has a role in tumorigenesis of many human malignancies.^[@bib14]^ However, the poor absorption and low bioavailability of curcumin restrict its clinical application.^[@bib15]^ Notably, recent studies demonstrated that curcumin and EGCG had synergistic activity with other drugs.^[@bib12],\ [@bib16]^ The approach of combination therapy has been shown to achieve higher therapeutic efficacy with lower drug dosage and reduce drug resistance development.^[@bib17]^ Therefore, we speculated that combination of naturally derived agents curcumin and EGCG might produce a better anti-colorectal carcinoma effect.

Based on the above consideration, we simulated the colorectal carcinoma microenvironment by colorectal carcinoma cell lines (HT-29, SW620 and HCT116) or tissue homogenate supernatant that were temporarily called tumor conditioned medium (CM) to investigate the influence on NECs, and further explored the mechanism of tumor angiogenesis. Then, we investigated the combined inhibitory effect of curcumin and EGCG on the CM-induced transition of NECs toward TECs. Finally, we detected the combined anti-angiogenic effect of curcumin and EGCG *in vivo* by colorectal carcinoma patient-derived xenograft (PDX) mouse model.

Results
=======

Colorectal carcinoma CM promotes the migration, invasion, tube formation and Dil-Ac-LDL uptake abilities of NECs
----------------------------------------------------------------------------------------------------------------

As migration and invasion of endothelial cells (ECs) are two key steps for the formation of new blood vessels, we performed wound-healing and transwell assays to determine the effects of colorectal carcinoma CM on the migration and invasion abilities of NECs. The results showed that SW620, HT-29 or HCT116 CM promoted the migration and invasion of NECs ([Figures 1a](#fig1){ref-type="fig"}). To further investigate the effect of tumor CM on angiogenesis, we performed tube formation assay. We found that SW620, HT-29 or HCT116 CM markedly promoted the tube formation ability of NECs ([Figure 1c](#fig1){ref-type="fig"}). Interestingly, the Dil-labeled acetylated low-density lipoprotein (Dil-Ac-LDL) uptake ability of NECs was also increased after induction by CM of SW620, HT-29 or HCT116 ([Figure 1d](#fig1){ref-type="fig"}). Human colorectal carcinoma tissue homogenate CM was further used to simulate the tumor microenvironment. The results showed that the migration, invasion, tube formation and Dil-Ac-LDL uptake abilities of NECs were remarkably enhanced after induction by colorectal carcinoma tissue homogenate CM, compared with that of induced by peri-carcinoma tissue homogenate CM ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). These data suggest that colorectal carcinoma microenvironment promotes the initiation of angiogenesis by enhancing the angiogenic properties of NECs.

Colorectal carcinoma CM promotes the transition of NECs toward TECs
-------------------------------------------------------------------

It has been proved that TECs possessed a distinct phenotype, and different from NECs at both molecular and functional levels.^[@bib18]^ Based on the above observation that colorectal carcinoma CM enhanced the angiogenic properties of NECs, we wondered whether colorectal carcinoma CM promoted angiogenesis by switching NECs toward TECs. To test this hypothesis, we first performed immunohistochemistry assay on paraffin section of human colorectal carcinoma and peri-carcinoma tissue from patients to detect the expression of selected TECs markers. The results showed that TEM1, TEM8 and VEGFR2 were specifically expressed in vascular ECs of carcinoma tissue ([Figure 2a](#fig2){ref-type="fig"}). These results further confirmed that TEM1, TEM8 and VEGFR2 were TECs markers, which were consistent with previous reports.^[@bib19],\ [@bib20]^ Then, we detected the expression levels of TECs markers in CM-induced NECs. We found that SW620, HT-29 or HCT116 CM-induced NECs expressed TECs markers higher both in mRNA and protein levels compared with NECs in the control group ([Figures 2b--d](#fig2){ref-type="fig"}). For NECs induced by colorectal carcinoma tissue homogenate CM, the results were in accordance with that induced by colorectal carcinoma cell lines CM. NECs in colorectal carcinoma tissue homogenate CM-induced group expressed TECs markers higher than NECs in peri-carcinoma tissue homogenate CM-induced group ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). These results suggest that colorectal carcinoma microenvironment promotes the transition of NECs toward TECs.

JAK/STAT3 signaling pathway is activated during the transition of NECs toward TECs induced by colorectal carcinoma CM
---------------------------------------------------------------------------------------------------------------------

It has been noted that persistent activation of JAK/STAT3 signaling pathway was implicated in many aspects of tumorigenesis affected by tumor microenvironment.^[@bib21],\ [@bib22]^ However, whether JAK/STAT3 signaling pathway was activated during the transition of NECs toward TECs induced by colorectal carcinoma microenvironment was unclear. In this study, we found that after induction by SW620, HT-29 or HCT116 CM, the relative JAK and STAT3 mRNA levels in CM-induced NECs were significantly increased compared with control NECs ([Figure 3a](#fig3){ref-type="fig"}). Furthermore, the phosphorylated JAK and STAT3 protein levels also remarkably increased in CM-induced NECs of SW620, HT-29 and HCT116 group ([Figures 3b and c](#fig3){ref-type="fig"}). Colorectal carcinoma tissue homogenate CM was further used to induce NECs. The results were in accordance with that induced by colon cancer cell lines CM as expected ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). These data insinuate that JAK/STAT3 is activated during the transition of NECs toward TECs induced by colorectal carcinoma CM.

IL-8 in HT-29 CM has a key role in promoting the transition of NECs toward TECs
-------------------------------------------------------------------------------

In an attempt to detect the key factor that promoted the transition of NECs toward TECs, a proteome profiler array was conducted on the HT-29 supernatant. Multiple human angiogenesis-related proteins were detected in HT-29 supernatant, such as VEGF, IL-8, Amphiregulin, TIMP-1, CXCL16 and so on ([Figure 4a](#fig4){ref-type="fig"}). To further investigate the effect of HT-29 CM on NECs, we analyzed angiogenesis-related proteins in NECs and HT-29 CM-induced NECs through a proteome profiler human angiogenesis antibody array. We found that HT-29 CM-induced NECs expressed IL-8 higher than control NECs ([Figure 4b](#fig4){ref-type="fig"}). The above results have revealed that HT-29 CM promoted the migration, invasion and tube formation of NECs. To confirm that this effect was indeed dependent on the preferential overexpression of IL-8 in HT-29 supernatant, an IL-8-neutralizing antibody was used to abolish the activity of IL-8. The results showed that the enhanced migration, invasion and tube formation abilities of HT-29 CM-induced NECs were eliminated by IL-8-neutralizing antibody ([Figures 4d--f](#fig4){ref-type="fig"}). The effect of IL-8 in HT-29 CM on the transition of NECs toward TECs was further investigated. The HT-29 CM-induced overexpression of TECs markers (TEM1, TEM8 and VEGFR2) in NECs were significantly blocked upon silencing IL-8 by neutralizing antibody ([Figure 4g](#fig4){ref-type="fig"}). Notably, IL-8 blocking abrogated the HT-29 CM-induced activation of JAK/STAT3 signaling pathway, and the production of IL-8 in NECs was also decreased ([Figure 4h](#fig4){ref-type="fig"}). Taken together, our data reveal that IL-8 secreted by tumor cells activates JAK/STAT3 signaling pathway and induces the production of IL-8 in NECs, and this amplification loop promotes the transition of NECs toward TECs.

Combination of curcumin and EGCG inhibits the transition of NECs toward TECs by blocking JAK/STAT3/IL-8 signaling pathway
-------------------------------------------------------------------------------------------------------------------------

Curcumin and EGCG are widely investigated chemopreventive candidates for cancer by inhibiting the JAK/STAT3 signaling pathway.^[@bib23],\ [@bib24],\ [@bib25]^ However, the precise mechanism of their anti-angiogenic action and their combined effects has not been fully evaluated. In this research, NECs were treated with EGCG and curcumin alone or in combination during induced by HT-29 CM. We found that EGCG or curcumin inhibited the viability of NECs in a dose-dependent manner. Based on this result, lower concentration of EGCG (5 μ[M]{.smallcaps}) and curcumin (50 μ[M]{.smallcaps}) were selected and applied to investigate the synergistic effect of these two compounds. The enhanced migration, invasion and tube formation abilities of HT-29 CM-induced NECs were significantly abrogated by curcumin and EGCG. More importantly, combination of curcumin and EGCG had a stronger inhibitory effect than using each drug alone ([Figures 5a--c](#fig5){ref-type="fig"}). We have demonstrated that JAK/STAT3 signaling pathway was activated during the transition of NECs toward TECs induced by colorectal carcinoma microenvironment. We further assessed the influence of curcumin and EGCG on the activation of JAK/STAT3 signaling pathway. The results showed that the mRNA levels of JAK, STAT3 and IL-8 were decreased in curcumin and EGCG-treated group compared with the control group ([Figure 5d](#fig5){ref-type="fig"}). In addition, curcumin and EGCG reduced the protein levels of p-JAK, p-STAT3 and IL-8 in HT-29 CM-induced NECs. It is noteworthy that the combined inhibitory effect was more remarkable ([Figure 5e](#fig5){ref-type="fig"} and [Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Then, we evaluated the relative expression levels of TECs markers in HT-29 CM-induced NECs to explore the mechanism of the anti-angiogenic effect of curcumin and EGCG. The results showed that curcumin combination with EGCG markedly reduced the expression TEM1, TEM8 and VEGFR2 of HT-29 CM-induced NECs both at mRNA and protein levels ([Figures 5f and g](#fig5){ref-type="fig"} and [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Collectively, these results provide evidence that combination of curcumin and EGCG abrogates HT-29 CM-induced transition of NECs toward TECs by blocking JAK/STAT3/IL-8 signaling pathway.

Combination of curcumin and EGCG inhibits tumor angiogenesis in colorectal carcinoma PDX mouse model
----------------------------------------------------------------------------------------------------

To further investigate the combined anti-angiogenic effect of curcumin and EGCG *in vivo*, we used human colorectal carcinoma PDX mouse model. Results showed that curcumin and EGCG suppressed the colorectal carcinoma PDX tumor growth. Notably, the anti-tumor effect was remarkably enhanced when treated mice with curcumin combination with EGCG ([Figures 6a--c](#fig6){ref-type="fig"}). Then the hemoglobin assay and immunohistochemical analysis were performed to confirm the anti-angiogenic effect of curcumin and EGCG. The results showed that the hemoglobin content and the microvessel density of tumor specimens in curcumin or EGCG group were decreased compared with the control group. More importantly, when treating mice with curcumin combined with EGCG, the hemoglobin content and the microvessel density in tumor specimens were reduced more remarkably than using signal compound ([Figures 6d and e](#fig6){ref-type="fig"}). Then, we measured the change of JAK/STAT3/IL-8 signaling pathway in the tumor specimens of mice. We observed that the protein levels of p-JAK, p-STAT3 and IL-8 in tumor specimens of curcumin combination with EGCG-treated group were decreased significantly, which corroborated our *in vitro* results ([Figure 6f](#fig6){ref-type="fig"}). Overall, these results further suggest that the combination of curcumin and EGCG inhibits colorectal carcinoma angiogenesis *in vivo* by blocking JAK/STAT3/IL-8-signaling pathway.

Discussion
==========

Angiogenesis, the process of new blood vessel growth, is necessary for tumor progression and metastasis.^[@bib26]^ However, the mechanism of tumor angiogenesis has not yet been fully evaluated. Considering the growing awareness of that tumor microenvironment had an important role in tumor progression, we wondered whether the tumor microenvironment promoted angiogenesis by changing the phenotype and function of NECs. In this study, colorectal carcinoma microenvironment was simulated by colorectal carcinoma CM to induce NECs. We found that colorectal carcinoma CM enhanced the pro-angiogenic property of NECs, such as migration, invasion, tube formation and so on. Further study indicated that colorectal carcinoma CM-induced NECs expressed TECs markers at higher levels compared with NECs. These data provide evidence that colorectal carcinoma CM promoted tumor angiogenesis by transition NECs toward TECs. As it is hard to isolate TECs from tumor tissue, most studies related tumor angiogenesis were carried out by using NECs such as human umbilical vein endothelial cells or human dermal microvascular endothelial cells.^[@bib27],\ [@bib28]^ Our finding that NECs induced by tumor CM have the characteristic of TECs provides a novel method to conduct future research on tumor angiogenesis especially on drugs target to TECs.

To detect the key factors that promoted the change of NECs, we conducted the proteome profiler array on HT-29 supernatant. Among the detected angiogenesis-related proteins in HT-29 supernatant, IL-8 had a tendency to attract more attention. IL-8 is a proinflammatory cytokine that functions as a chemoattractant and is also a potent pro-angiogenic factor.^[@bib29]^ It has been reported that the IL-8 level in the serum of cancer patients was highly elevated during tumor progression and contributed to the development of distant metastasis.^[@bib30],\ [@bib31]^ Given the above data that HT-29 CM promoted the transition of NECs toward TECs, we hypothesized that IL-8 in the tumor microenvironment might have a prominent role in this process. This hypothesis was verified by the subsequent experiments that the HT-29 CM-induced transition of NECs toward TECs was abolished when silencing IL-8 in HT-29 CM by IL-8-neutralizing antibody.

Previous studies have suggested that IL-8 promoted malignant tumor growth and metastasis in an autocrine and paracrine manner.^[@bib32],\ [@bib33]^ In addition, tumor-derived IL-8 activated ECs in the tumor vasculature to promote angiogenesis.^[@bib34]^ Our subsequent proteome profiler array on the lysate of cells indicated that the HT-29 CM-induced NECs highly expressed IL-8 compared with NECs. Moreover, silencing IL-8 in HT-29 CM by IL-8-neutralizing antibody suppressed the JAK/STAT3 signaling pathway and decreased the protein level of IL-8 in HT-29 CM-induced NECs. It has been known that the secreted IL-8 from tumor cells binding to two cell-surface G protein-coupled receptors, termed CXCR1 and CXCR2, promoted activation of JAK/STAT3 signaling pathway and nuclear translocation of STAT3.^[@bib35]^ Our data provided the evidence that IL-8 in the tumor microenvironment activated the positive feedback loop through JAK/STAT3 signaling and increased the expression of IL-8 in HT-29 CM-induced NECs. Therefore, we propose that inhibition of JAK/STAT3/IL-8 signaling pathway could be a significant therapeutic method against the transition of NECs toward TECs.

Curcumin and EGCG have been reported acted as multi-targeting agents in regulating JAK/STAT3 signaling in cancer.^[@bib23]^ In addition, curcumin and EGCG have been used alone to demonstrated the anti-angiogenic effect.^[@bib36],\ [@bib37]^ However, the exact mechanism of their anti-angiogenic effect is still under controversy. Considering the poor absorption and low bioavailability of curcumin, and the synthesis anti-tumor effect of EGCG, the combination of curcumin and EGCG may produce a better anti-tumor effect.^[@bib38],\ [@bib39]^ In this research, we found that curcumin and EGCG significantly inhibited the migration, invasion and tube formation abilities of HT-29 CM-induced NECs. In addition, curcumin and EGCG inhibited HT-29 CM-induced transition of NECs toward TECs by suppressing the activation of JAK/STAT3/IL-8 signaling pathway. More importantly, the combined inhibitory effect was stronger than either single agent. Then, the colorectal carcinoma PDX mouse model was further used to explore the synergistic anti-angiogenic effect of curcumin and EGCG *in vivo*. It has been widely known that the PDX mouse model was highly relevant to real human tumor growth, and the tumors maintained the original molecular characteristic and heterogeneity.^[@bib40]^ Thus, our results are more credible and have stronger predictive power for translating this knowledge from the bench to bedside. In colorectal carcinoma PDX model, curcumin and EGCG significantly suppressed the tumor growth and angiogenesis. Notably, the combined inhibitory effect is more remarkable. Considering the synergistic enhanced anti-angiogenic effect of curcumin and EGCG, the combination of curcumin and EGCG may provide a safe and effective strategy for treating colorectal carcinoma.

On the whole, we demonstrate for the first time that the colorectal carcinoma microenvironment promotes angiogenesis through coercing NECs toward TECs with the activation of JAK/STAT3/IL-8 signaling pathway. Curcumin and EGCG exert anti-angiogenic effect by blocking this process, and the combination of curcumin and EGCG is promised to be a beneficial anti-angiogenic therapeutic method.

Materials and methods
=====================

Cell culture
------------

The human colorectal cancer cell lines SW620, HT-29 and HCT116 were obtained from Nanjing Keygen Biotech Corp. (Nanjing, China), and cultured in RPMI-1640 (Biological Industries, Kibbutz Beit Haemek, Israel) medium with 10% fetal bovine serum. Human umbilical vein endothelial cells were isolated from aseptic cords as previous report.^[@bib41]^ This research was approved by the Ethics Committee of Zhengzhou University and the patients whose tumor sample involved in the study were completely informed and provided consent. Human umbilical vein endothelial cells were cultured in EC medium (ScienCell, Carlsbad, CA, USA) and used as control in this research. All the cell lines were incubated in an atmosphere of 5% CO~2~ at 37 °C, and tested regularly for mycoplasma contamination in our laboratory.

Preparation of tumor CM
-----------------------

HT-29, SW620 or HCT116 were inoculated in 10-cm dishes, replenished with 5 ml fresh medium after reaching 60--80% confluence. After culturing for 24 h, the supernatant was collected and centrifuged at 3000 r.p.m., then stored at −20 °C. Cancer cell line CM was composed by 60% HT-29, SW620 or HCT116 supernatant and 40% fetal bovine serum-free EC medium. The colorectal carcinoma tissue homogenate supernatant was prepared as previously described.^[@bib42]^ In brief, fresh tumor specimens of colorectal carcinoma tissue and the corresponding peri-carcinoma tissues were grinded and centrifuged at 13000 r.p.m. for 30 min, the supernatant was collected and stored at −20 °C. Colorectal carcinoma tissue homogenate CM was comprised by 40% supernatant and 60% fetal bovine serum-free EC medium. Patients whose tumor sample involved in this study were completely informed and provided consent.

Wound-healing assay
-------------------

NECs were planted in 12-well culture plates and incubated to a density of 60--70%. Then the cell monolayer was scratched with 200-μl pipette tip and washed twice with PBS. Colorectal carcinoma CM was applied to culture NECs for 48 h. The wounded areas were imaged by microscope (Olympus, Tokyo, Japan) at 0 h, 24 h and 48 h. The number of migrated cells in per field was counted.

Transwell assay
---------------

Transwell migration chambers (Corning, NY, USA) were precoated with diluted matrigel (1:4, BD Biosciences, San Jose, CA, USA) and incubated at 37 °C for 2 h. Cells (3.75 × 10^4^ cells per well) were added to the upper chamber, and the lower chamber was filled with 750 μl completed EC medium. The chambers were incubated at 37 °C for 24 h. Then the invaded cells were counted after staining with crystal violet and imaged by microscope (Olympus).

Tube formation assay
--------------------

Chilled liquid matrigel was pipetted into 96-well plates (50 μl per well) and polymerized for 2 h at 37 °C. Cells (2 × 10^4^ cells per well) were seeded onto the gel and cultured at 37 °C for 4 h. The enclosed networks of complete tubes were photographed and counted in randomly selected fields.

Dil-Ac-LDL uptake assay
-----------------------

NECs (3 × 10^3^ per well) were seeded in 96-well plates for adherent overnight. After induction by colorectal carcinoma CM for 48 h, Dil-Ac-LDL (10 μg/ml; Biomedical Technologies, Stoughton, MA, USA) was added to each well, and further incubated for 4 h. Then the cells were washed with PBS three times and photographed using IX2-IL100 fluorescence microscope (Olympus). The average optical density of Dil-Ac-LDL was calculated by Image J.

Quantitative real-time PCR
--------------------------

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA concentration, integrity and quality were determined using NanoDrop 2000C (Thermo Fisher Scientific, Waltham, MA, USA). One microgram of total RNA was reverse transcribed into cDNA using a RT reagent kit (TaKaRa, Tokyo, Japan). Quantitative real-time PCR was carried out in triplicate with SYBR Premix Ex Taq (TaKaRa) using a 7500 Fast Real-time PCR System (Applied Biosystems, Grand Island, NY, USA) as recommended by the manufacturer. GAPDH was used as an internal control. The expression of individual gene was calculated and normalized with the 2^−ΔΔCt^ method.

Western blot
------------

Western blot was performed as previously described.^[@bib43]^ In brief, total proteins were extracted from cells and separated using sodium dodecyl sulfate--polyacrylamide gel electrophoresis and then transferred to a polyvinyldifluoride membrane (Millipore, MA, USA). Then the membrane was incubated with a specific primary antibody at 4 °C overnight. The following antibodies were used in this study: anti-p-JAK2 (Tyr1007/Tyr 1008) (sc-16566-R, Santa Cruz, Dallas, TX, USA), anti-JAK2 (sc-294, Santa Cruz), anti-p-STAT3 (sc-8059, Santa Cruz), anti-STAT3 (sc-483, Santa Cruz), anti-TEM1 (sc-377221, Santa Cruz, anti-TEM8 (ab21270, Abcam, Cambridge, UK), anti-VEGFR2 (sc-321, Santa Cruz), anti-IL-8 (ab18672, Abcam) and anti-Actin (sc-8432, Santa Cruz). Protein bands were visualized using a chemiluminescence detection kit (Beyotime, Shanghai, China) after hybridization with a horseradish peroxidase-conjugated secondary antibody.

Immunofluorescence
------------------

Immunofluorescence was performed as previously described.^[@bib44]^ In brief, cells were fixed with 4% paraformaldehyde for 30 min at room temperature, permeabilized with 0.5% Triton X-100 for 10 min and blocked with 1% bovine serum albumin--phosphate-buffered saline with Tween 20 for 1.5 h. After that, cells were incubated with primary antibodies (1:50 diluted) overnight. The primary antibodies used in immunofluorescence were same with that used in Western bolt. Then the cells were washed with PBST and incubated with Rhodamine---Conjugated AffiniPure Goat Anti-Rabbit IgG (ZF-0316, Origene, Beijing, China) or Fluorescein-Conjugated AffiniPure Goat Anti-Mouse IgG (ZF-0312, Origene). All images were captured with a laser scanning confocal microscope (Olympus). The average optical density of individual protein was calculated with the formula: the value of Integrated density/the value of Area. The values of Integrated density and Area were measured by image J software.

Human angiogenesis array kit/proteome profiler
----------------------------------------------

Proteome Profle Human Antibody Array Kit (R&D Systems Ltd, Abingdon, UK) was used to analyze the expression profiles of angiogenesis-related proteins according to the manufacturer's instruction. This array kit included 55 antibodies which directed to proteins involved in angiogenesis and invasiveness, and were spotted onto a nitrocellulose membrane in a duplicate way. The supernatant of HT-29 or protein extracted from NECs and HT-29 CM-induced NECs were mixed with 15 μl reconstituted detection antibody cocktail 1 h at room temperature. Then membranes were incubated with the sample/antibody mixtures overnight at 4 °C on a rocking platform. Following a washing step to remove unbound material, streptavidin-horseradish was added. Finally, membranes were exposed using enhanced chemiluminescence reagents and scanned into computer. The optical density of selected protein was measured by Image J software.

Immunohistochemistry
--------------------

The immunohistochemistry procedure was performed as described previously.^[@bib45]^ The slides were incubated with primary antibody: anti-TEM1, anti-VEGFR2, anti-TEM8 or anti-CD31 (Abcam) at 4 °C overnight, then incubated HRP-IgG secondary antibody at 37 °C for 15 min. Coloring was performed with 3, 3′-diaminobenzidine and hematoxylin was used for counter staining. Hematoxylin--eosin staining was conducted according to standard histological procedures.

Hemoglobin assay
----------------

Tumor tissue was weighted and homogenized in 1 ml RIPA lysis buffer. After centrifuging, 20 μl supernatant was added to 100 μl Drabkin's solution (Sigma-Aldrich, St. Louis, MO, USA). The mixture was allowed to stand 30 min at room temperature, then absorbance at 540 nm was measured using an ELISA plate reader (Thermo Fisher Scientific, Waltham, CA, USA). The relative content of hemoglobin in the tumor tissue was compared with the control group.

*In vivo* PDX study
-------------------

Colorectal carcinoma PDX mouse model was established as reported previously.^[@bib46]^ In brief, fresh human colorectal carcinoma fragments obtained intraoperatively from patients were subcutaneously implanted in female CB17/SCID mice of 6--8 weeks old. When the xenograft tumor reached \~1500 mm^3^, the mice were killed and tumors were divided into 0.1--0.2 g fragments and implanted into additional mice. After three consecutive mouse-to-mouse passages, tumor-bearing mice were randomly divided into four groups: Control, Curcumin, EGCG and Curcumin combination with EGCG (Comb.). No blinding was done for animal studies. Mice were given indicated drugs (50 mg/kg) every other day for 4 weeks. Mice were weighted and tumors were measured every other day. Tumor volume was calculated using the formula *V*=0.5*ab*^2^, with '*a*' as the long diameter in millimeters and '*b*' as the short diameter in millimeters. This research was approved by the Ethics Committee of Zhengzhou University and the patients whose tumor sample involved in the study were completely informed and provided consent. All experiments involved in mice were performed following the established guidelines of the Animal Ethics Committee of Zhengzhou University.

Statistical analysis
--------------------

Data were expressed as mean±s.d. Statistical significance for experiments with more than two subgroups was calculated by one-way ANOVA with Tukey's *post hoc* test, when data were normally distributed. Comparisons between two subgroups were analyzed by *t*-test (two-sided).

For animal studies, sample size was estimated at seven mice per group to ensure power with statistical confidence. All statistical tests were performed using the Prism Software (GraphPad Software, San Diego, CA, USA). In all comparisons, *P*\<0.05 was considered statistically significant.
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![Colorectal carcinoma CM enhanced the migration, invasion, tube formation and Dil-Ac-LDL uptake abilities of NECs. (**a**) NECs monolayer was wounded and induced by SW620, HT-29 or HCT116 CM. Photographs were taken after induction for 0, 24 and 48 h (scale bar 40 μm). (**b**) NECs were induced by SW620, HT-29 or HCT116 CM for 48 h. The number of invaded cells was counted in three random fields. Representative images of invaded cells were shown (scale bar 40 μm). (**c**) Formation tubes in each group were photographed. The number of tubes per field was counted in three random fields (scale bar 20 μm). (**d**) Representative images showed the Dil-Ac-LDL uptake ability of NECs and quantification of the relative Dil-Ac-LDL uptake (scale bar 40 μm). Data are presented as mean±s.d. from three independent experiments. \*\*\**P*\<0.001.](oncsis201784f1){#fig1}

![Colorectal carcinoma CM promoted the transition of NECs toward TECs. (**a**) Immunohistochemical staining for TECs markers (TEM1, TEM8 and VEGFR2) in colorectal carcinoma and peri-carcinoma tissue (scale bar 20 μm). (**b**) NECs were induced by SW620, HT-29 or HCT116 CM for 48 h. The relative mRNA levels of TECs markers were determined by qRT--PCR. (**c**, **d**) NECs were induced by SW620, HT-29 or HCT116 CM for 48 h, the protein levels of TECs markers were detected by western blot (**c**) and immunofluorescence (**d**). Data are presented as mean±s.d. from three independent experiments. \*\**P*\<0.01, \*\*\**P*\<0.001.](oncsis201784f2){#fig2}

![JAK/STAT3 signaling pathway was activated during the transition of NECs toward TECs induced by colorectal carcinoma CM. (**a**) NECs were induced by SW620, HT-29 or HCT116 CM for 48 h. The relative mRNA levels of JAK and STAT3 were measured by qRT--PCR. (**b**, **c**) The expression level of indicated protein was detected by western blot (**b**) and immunofluoresence (scale bar 50 μm) (**c**). Data are expressed as mean±s.d. from three independent experiments. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](oncsis201784f3){#fig3}

![IL-8 had a key role during the transition of NECs toward TECs. (**a**) Proteome profiler array detected multiple human angiogenesis-related proteins in HT-29 supernatant. Nine angiogenesis-related proteins that expressed at relatively high level were highlighted with squares and measured the mean pixel density. (**b**) Proteome profiler array detected the angiogenesis-related protein levels in NECs and HT-29 CM-induced NECs. Differently expressed proteins in HT-29 CM-induced NECs compared with NECs were highlighted with squares and indicated by numbers. Each spot was spotted on the array membrane in duplicate. (**c**) The numbers in **a** and **b** represented the corresponding proteins. (**d**--**f**) NECs were induced by HT-29 CM pretreated with IL-8-neutralizing antibody (N. Ab) or not for 48 h. Then the migration, invasion and tube formation abilities of NECs were measured by wound-healing assay (**d**), transwell assay (**e**), tube formation assay (**f**). (**g**, **h**) NECs were induced by certain CM for 48 h. The expression levels of indicated proteins were detected by western blot. Data in **d**--**h** are presented as mean±s.d. from three independent experiments. \*\*\**P*\<0.001.](oncsis201784f4){#fig4}

![Combination curcumin and EGCG inhibited the HT-29 CM-induced transition of NECs toward TECs by blocking JAK/STAT3/IL-8 signaling pathway. (**a--c**) NECs were treated with curcumin, EGCG or curcumin combination with EGCG for 48 h during induction by HT-29 CM. The migration, invasion and tube formation abilities of HT-29 CM-induced NECs were examined by wound-healing assay (**a**), transwell assay (**b**) and tube formation assay (**c**). (**d**) The relative mRNA levels of JAK, STAT3 and IL-8 were examined by qRT--PCR. (**e**) Western blot was conducted for the indicated proteins. (**f**) The relative mRNA levels of TECs markers (TEM1, TEM8, VEGFR2) were examined by qRT--PCR. (**g**) The protein levels of TECs markers were detected by western blot. Results are expressed as mean±s.d. from three independent experiments. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](oncsis201784f5){#fig5}

![Combination of curcumin and EGCG suppressed tumor angiogenesis in colorectal carcinoma PDX mouse model. (**a**, **b**) PDX tumor-bearing mice were given curcumin, EGCG or curcumin combination with EGCG (Comb.) every other day for 4 weeks. The tumors were excised at the end of the experiment. The size and weight of tumors were measured. (**c**) The tumor volume was measured and recorded every other day. (**d**) The tumors excised from mice were quantified the hemoglobin content. (**e**) The tumors excised from mice were stained with CD31 and quantified microvessel density (scale bar 20 μm). (**f**) The levels of indicated protein in tumor specimens were assessed by western blot. Data in (**d**--**f**) are shown as mean±s.d. three independent experiments. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](oncsis201784f6){#fig6}
